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Abstract 
Wireless Sensor Networks (WSNs) have been mainly utilized in military applications due to its certainty 
and efficiency. Nowadays, it is considered to be the first-hand in many civilian applications such as 
leakage detection. Various technical issues, like power consumption, radio propagation models and 
sensors need to be considered for different types of applications. WSN has emerged lately as an effective 
solution for fluid leakage. This paper will discuss four different solutions for leaks in pipelines using 
wireless sensor networks (WSNs). The WSN-based solutions are magnetic induction based, continuous 
pressure monitoring, underground to above ground radio propagation and wireless signal networks 
(WSiN). 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer] 
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1. Introduction 
Leakage in general takes an international attention because it causes serious fluid shortage. That 
doesn’t only cause a revenue losses but it also affects the national reserves. For example, 25% at least of 
water in Europe is being leaked in the pipeline networks and some developed countries are facing around 
50% of water leaks [1][2][3]. Countries like Spain, Britain, Australia, France and the United States are 
experiencing serious water shortages that are getting worse from year to year [2]. The use of water and oil 
is increasing significantly which lead to seeking out the best system to avoid leakages in pipeline 
networks. One of the most effective ways of how to detect leak is the use of Wireless Sensor Networks 
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(WSNs). Recent advances in wireless sensor networks have provided researchers with an easily, 
deployable, flexible, efficient and an inexpensive approach for real-time distributed data acquisition and 
monitoring [4]. Ad-hoc wireless sensor networks are self-organized networks that have a large number of 
sensor nodes interacting with the environment they are in and communicate wirelessly. The main goal of 
the sensor nodes is to transfer the recorded and processed data to a remote station. The utilization of a 
WSN to be implemented underground for monitoring proved to be benefited from rapid and flexible 
deployment [4][5]. Both decision made and management system are based on the continuous recording 
and processing of the received WSN signals. From the received signals, integral part of a leakage 
management strategy can be formed by providing either the water or oil network administrators with real-
time data or a useful decision-making tool [4]. The WSN could be implemented everywhere including the 
suffering countries because it is considered to be the least expensive and effective method for leakage 
detection. 
2. Leakage Overview 
Leakage term is defined as a way of fluid to escape outside pipes, tanks or containers. This type 
of behaviour is considered to be undesirable due to economic and fluid system material losses. Despite the 
economic and material losses, leakage can also cause huge disasters for the environment if the row 
material of the fluid is harmful or corrosive. Pipeline networks for fluid delivery are the safest, cheapest 
and quickest model of transportation. Old and weak pipelines construction, poorly maintained valves and 
not enough corrosion protection are some of the factors contributing to leaks [2][6]. The material age, 
system composition, installation quality and pipeline pressure & temperature influence leakage 
occurrence. Traffic vibration can also be a major leak factor [6]. As the pipeline network becomes wider, 
the probability of having leaks increases and the need for leak monitoring becomes more disenable as 
well. Economic losses caused by leakage increases annually and cause accumulation losses. After certain 
amount of time, leak will cause harmful losses to the economic resources and raw materials as well [7]. 
Controlling this issue is not an easy way because of immensity and complexity of the system itself. 
3. Leakage Detection  
Leakage detection technologies have been growing very fast in the last two decades because they 
offer economic savings, fluid shortage reduction, improving consumption and reduce pipeline network 
damages [4]. Leakage can be detected by identifying material drip out at certain place. In some cases, 
leakage may be observed, but the location is not known because of wide distribution of pipe network. The 
probability of the system corruption becomes higher as the system becomes wider, so maintaining the 
system continuously guarantees a perfect and safe system. The primary purpose of Leakage Detection 
Systems (LDS Systems) is to assist pipeline controllers in detecting and localizing leaks.  LDS Systems 
are important aspects of pipeline technology. There are four basic activities for leakage reduction and they 
pressure management, active leak control, speed and quality repairs and maintenance & renewal of the 
pipeline [4][5]. Old detection methods depend on the periodical inspection conducted by the maintenance 
team which has many disadvantages such as:  
1- Requires intensive human. 
2- Does not provide real-time monitoring of the pipelines.  
3- Cause much larger economic loss.  
4- Cause environmental pollution. 
Underground wired network for communication suffers from damages and it is very costly. Wireless 
networks, on the other hand, are much more robust and efficient. It also provides flexibility and simple 
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system deployment, but underground wireless communications have yet to be developed and realized. 
However, wired base communication can be used for information transmission for long distance for 
reaching remote administration nodes [8].  
3.1. Magnetic-induction based wireless sensor networks 
Magnetic Induction (MI)-based wireless sensor network provides low cost solution for real time 
monitoring system for leakage detection. For underground wireless communications, Electro Magnetic 
(EM) waves suffer a lot from propagation attenuation, but magnetic felid does not. MI attenuation is 
   1/r, while EM wave’s attenuation is directly proportional to 1/r3 (where r: 
distance). Also MI channels do not vary as the soil property changes. MI communication is performed by 
use of a coil of wire winded on the pipelines. The signal in the transmitter coil is modulated by a 
sinusoidal current, which produces a time-varying magnetic field which induces another sinusoidal current 
in the receiver coil, which accomplishes the underground MI wireless communication as shown in figure 
1 [8].  The measurements taken by the underground sensors are transmitted using (MI)-based wireless 
[9][10]. This method uses MI waveguide which includes multiple of relay coils to establish a reliable and 
efficient underground wireless communication. Relay collies are deployed at any path for every 6 – 12 
meters [11]. MI-based consists of two types of deployment, i.e. inside or outside the pipeline [8]. 
 
Figure 1: MI-based Wireless Communication 
 
3.1.1 Outside pipeline based monitoring techniques  
Soil moisture sensor can be used exactly outside pipes to detect leakage if the fluid type is liquid. 
Also temperature sensor is used to detect hot leaked fluids. The underground sensors are connected to an 
aboveground antenna for long propagation path wireless communication [8]. Also high density 
underground sensors guarantee the network connectivity, but this makes the deployment and maintenance 
costly. 
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3.1.2 Inside pipeline based monitoring techniques  
Sensors in this technique are deployed inside the pipeline at the pump stations and checkpoints. 
If there is a small leakage, high frequency oscillations were generated in the pipe wall which can be 
detected by acoustic transducers. Acoustic sensors can only detect small leakages, so it is suitable to use 
them near to pump stations and checkpoints for high accuracy detection [8].  
3.1.3 System structure  
The system is clustered architecture and it consists of heterogeneous sensors. The cluster is formed in 
each pipeline section. To extend system’s lifetime, power consumption of all sensors must be limited 
because they are powered by batteries. The sensors are divided into two layers: hub layer and in soil layer. 
The hub sensor is deployed inside the pipeline and consists of pressure sensors and acoustic sensors at the 
checkpoints or pump stations. Hub sensors communicate with the soil property sensors by magnetic 
induction transceivers. The soil layer is deployed outside the pipeline and it consists of sensors for soil 
property measurements such as moisture and temperature sensors. The measurements were sent 
wirelessly, MI-based, to the head cluster at the checkpoint or pump station, and then the head cluster 
processes the data and transmit the information wirelessly through air, EM waves, to a remote 
administration centre [8].  The system structure is shown in figure 2.    
  
 
Figure 2: MI-based System Structure 
3.2. Ad-hoc wireless sensor networks for pressure monitoring 
One of the newest and effective ways to detect leaks in underground pipeline networks is the use 
of Ad-hoc wireless sensor networks. WSNs in this system use mobile wireless sensors which are able to 
detect any breaks or leaks in the pipes underground by monitoring pressure of fluid flowing in pipes. 
The sensors transmit data that was acquired from the pipes to the surface by the use of a wireless 
connection which means that it does not require any physical connection to the surface. On the 
surface ground there are stations that receive and process the signal. After receiving and processing the 
495 Tariq AL-Kadi et al. /  Procedia Computer Science  21 ( 2013 )  491 – 498 
signal, the stations communicate with a central unit that acts as the main connection point [12]. The 
central unit process the signal received and allows an easy and repeatable identification of leakage if it 
happens. Compared to other leakage detection solutions that are already available in the market, this 
technique is very efficient, simple and has low power consumption [13]. 
The whole network is made up of ground stations that are existed in fixed or movable locations. The 
ground stations are equipped with directive antennas and pointed towards the territory for communication 
with mobile sensors that are implemented in the pipeline network. These sensors are the core of the 
monitoring system. They are made up of a hydrophone that is used for sensing and radiofrequency for 
radio transmission [13]. There are three different operating frequencies for radio transmission. The radio 
transmission of 750 MHz which works fine and allows the use of more antennas and it reduces noise 
generation. The second one is 433 MHz and the third one is 180 MHz [13]. The flow of the sensor is 
controlled by hydraulic tricks and kept stable along the course. It is possible to make real time and 
continuous pressure monitoring system without the use of wires. If there is a leakage in the pipe, the 
sensor sends its location to the nearest ground station. The position of the sensor is identified and the 
leakage location is known then [13]. The proposed network scheme allows detecting any leaks or breaks 
in pipelines by monitoring the level of the fluid pressure. The detected information is transmitted through 
wireless channels.  There are many side characteristics that are needed to be considered to make sensor 
work properly but the most important condition that is the fluid type must be liquid, otherwise sensors will 
not be functional. Different acoustic transducers (hydrophones) are able to work in water [14]. 
Hydrophone does not need any external power supply in order to generate acceptable signals based on the 
acoustic noise. Experiments showed that the output signal amplitude range is between 10 mV to 100 mV 
based on the level of the generated noise [13].  
3.3. Underground to above ground radio propagation based WSN 
Sound wave is generated by water leaks in pipes because of vibrations due to high pressure. 
Thus, using acoustic equipment, a leakage can be detected by detecting the sound that is induced as water 
leaks. Other sensing technique and devices such as temperature, humidity and barometric pressure sensors 
are also used in sensing leakage. The leakage position can be determined when two sensing nodes detect 
simultaneously, i.e. the leakage occurs between these nodes. By applying cross-correlation method, we 
can find the time shift between the signals coming from the two nodes and accurately measure the leakage 
position. Furthermore, for the complete system a WSN is implemented which provides an efficient 
leakage detection system [15]. Sensor nodes are operated using batteries and hence the power 
consumption is a critical issue to be considered. In order to minimize the power consumption, many 
efficient technique need to be implemented such as reducing the transmitting power and setting an 
acceptable sleep mode. Moreover, when implementing the system, many factors should be considered 
such as radio propagation channel and the path loss models. To monitor the water distribution system 
inside the cities another issue rises up that needs to be solved. The underground basis is composed of 
concrete and iron along with the soil, which cause a huge attenuation to wireless signals. In order to 
overcome this issue a propagation model has been proposed by Min Lin, Yan Wu and Ian Wassell which 
suggests transmitting the sensor data from below to above ground using an underground to above ground 
radio propagation [16]. A complete experiment has been conducted to determine the parameter of this 
radio propagation model such as the operating range, the sensor node transmitting power and receiver 
sensitivity. The results suggest the use of 2.4 GHz signal and an operating range of (73 m to 100 m). 
3.4. Wireless signal networks(WSiN) 
Leakage can be detected using WSN as discussed earlier. However, it has a drawback of 
providing only point measurements which are sending then processed and compared with reference 
values. Moreover, these reference values need to be calibrated according to the possible changes in the 
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environment to insure correct detection. The concept of Wireless Signal Networks (WSiN) rises as an 
improved technique that provides better results in leakage detection. Wireless Signal Networks detection 
procedure is based on the variation of the radio signal strength (RSS) [17]. As the radio signal propagate 
through the soil, physical changes on the soil such as water content will change the communication 
environments, i.e. soil, and as a result the radio signal strength will be affected. The Received Signal 
Strength (RSS) information can be used as an indicator of a physical change in the soil and hence can be 
used to monitor water leakage in the sensed area in real time [18]. The signal strength is attenuated in soil 
at a higher rate than in the air. In addition, the attenuation rate is proportional to permittivity and electrical 
conductivity of the medium, which also change as the operating frequency changes. Thus, the attenuation 
rate is proportional to the operating frequency [19]. A theoretical wireless signal propagation model for 
subsurface communication was suggested and evaluated experimentally using underground radio signal 
operating at 2.4 GHz [20]. The results collected from the underground radio propagation have proven the 
suggested theoretical model. In the case of a water leakage the soil property will change due to the 
increase in the water content. After that, the received signal strength will decrease and then the sensor can 
detect the leakage after comparing it with the reference value which can be determined from the 
theoretical model given above [18]. As in the case of WSN, the Wireless Signal Networks (WSiN) nodes 
are also operated using batteries and hence efficient techniques needed to be implemented to minimize the 
power consumption like controlling the transmission power and setting an acceptable and efficient sleep 
mode. Furthermore, since the attenuation rate is very high in soil, the communication radius will be very 
small and dependent on the operating frequency. There are three possible solutions to increase the 
communication radius and they are using high transmission power, high gain antenna or operating in low 
frequency. However, operation under low frequency is the only practical solution when considering 
efficient power consumption. Less than 1 mW transmission power, the radius of communication in soil 
can increase from 20 cm when operating on 2.4 GHz up to 25 m when operating on 160 KHz [18]. The 
change in the value of the water content in the soil suggests a possible leakage under normal condition. 
Thus, to evaluate the effect of the change in the water content in soil on the received signal strength (RSS) 
an experiment was conducted to collect data about the received signal strength at different water content 
values [18]. The results of this experiment shows that permittivity and electrical conductivity increase as 
the water content increase which will cause the received signal strength to be attenuated more.  
4. Conclusion  
Fluid leakage is a very hassling worldwide matter that needs to be dealt with immediately; 
otherwise it will cause huge economic and raw materials losses. In this paper, we introduced four WSN 
technologies for detecting leaks. Magnetic induction based WSN for underground pipeline leakage 
detection and localization was discussed. This solution provides low cost monitoring system and power 
consumption since it uses Magnetic Induction for underground wireless communications which seems to 
be effective due to its low attenuation.  MI-based sensors utilize both inside and outside the pipes for 
better leakage detection. Despite introducing the theoretical structure for MI-based in this paper, 
deploying this system in real life application needs much work. Ad-hoc wireless pressure monitoring 
system which conceded to be an innovative way that uses mobile wireless network technology for leakage 
detection was discussed in this paper. The deployment of this method is simple and easy to maintain. It 
also has a low operating price since it has low power consumption. This solution works in liquid pipelines 
only. Underground to above ground WSN and Wireless Signal Networks (WSiN) are also suggested 
systems for efficient leakage detection, which provides accurate and real time detection. The WSN can 
only provide point measurements of the soil properties that are collected from the sensor nodes and then 
send the data for processing. While the WSiN monitors the received signal strength (RSS) and report any 
drop in the RSS level that is caused by leakage and hence it provide point measurement and a regional 
measurement in real time. One of the main challenges facing these two systems is they have a limited 
communication range caused by high attenuation factor in subsurface medium. In addition, the 
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transmission power is also constrained for efficient power consumption to provide long battery life for the 
sensing nodes. WSiN system has proven that it has a great potential for an efficient leakage detection 
system. However, it requires a lot of future work to improve its communication radius efficiently and 
overcome the current issues.  
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